We recently isolated a family of three closely related mouse K+ channel genes (MK1, MK2, and MK3) with coding regions contained in single uninterrupted exons. Here we have used patch-clamp recordings from Xenopus oocytes injected with mRNA to show that MK3 encodes a channel with biophysical and pharmacological properties indistinguishable from those of voltage-gated type n K+ channels in T cells. In addition, we used the polymerase chain reaction to demonstrate the presence of MK3 mRNA in T cells. These data suggest that MK3 may encode the T-cell voltage-gated type n K+ channel. We also show that MK3 and MK2 are localized on human chromosomes 13 and 12, respectively.
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Lymphocytes express three distinct types of voltage-gated K+ channels according to functional subset, the state of activation, and time during development (1) (2) (3) (4) (5) (6) . These K+ channels, termed types n, n', and 1 (1, 2, 7) , are readily distinguished during patch-clamp recording by their voltage dependence of activation, inactivation characteristics, single-channel conductances, and pharmacological specificities. Several lines of evidence suggest that the type n K+ channel in mouse and human T lymphocytes plays an essential role in T-cell proliferation and activation. Expression of type n channels is amplified in the most rapidly proliferating thymocyte subsets and in mature cells following mitogen stimulation (3, 4) , and K+ channel blockers inhibit mitogeninduced cell division and secretion of interleukin 2 (6) (7) (8) (9) . In addition, type n channels may underlie K+ efflux during volume regulation in response to hypotonic osmotic challenge (10, 11) .
MK1, MK2, and MK3 comprise a family of Shaker-related K+ channel genes with intronless coding regions (12) . The corresponding homologues from a rat cortex cDNA library have been expressed in oocytes (13) . In this study we provide evidence suggesting that the lymphocyte type n K+ channel is encoded by the MK3 gene. The polymerase chain reaction (PCR) amplification procedure was used to show that MK3 is expressed in T cells. Furthermore, expression of the MK3 coding region in Xenopus oocytes gives rise to voltagedependent K+ currents with gating, conductance, and pharmacological properties that match those of the voltage-gated type n K+ channel. In addition, we used probes prepared from the unique 5' noncoding region of MK3 (12) to localize MK3 to human chromosome 13.
MATERIALS AND METHODS
Construction and Expression of MK3 in Xenopus Oocytes. The MK3 coding region was inserted into the pSP64T cloning vector (14) as follows: MK3 plasmid DNA was cut with Ban I, which cuts 9 nucleotides after the ATG initiation codon and 60 nucleotides after the TAA stop codon to generate a 1774-base-pair (bp) fragment containing almost the entire coding region (12) . The DNA was filled in with Klenow polymerase and ligated to a synthetic oligodeoxynucleotide (CACGGTCATAGATCTATGACCGTG) that generated the first 9 nucleotides and contained a Bgl II recognition site. The fragment was then cut with Bgl II (which does not cut within the coding region) and inserted into the single Bgl II site in pSP64T. "Minipreps" of plasmid DNA (15) were analyzed for the appropriate orientation by digestion with Sca I, and the construction was verified by double-stranded DNA sequencing using the dideoxy chain-termination method (16) , with the Sequenase kit (United States Biochemical). For transcription, the plasmid was linearized by digestion with EcoRI. RNA was transcribed and injected (70 ni of 0.1 ,g/,ul) into oocytes as described (17) .
Electrophysiology. Experiments were carried out on Xenopus oocytes with two-electrode voltage-clamp and patchclamp techniques (18, 19) . All experiments were done at room temperature (22-26°C ITo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. brane segments of MK3 (12) . The upstream and downstream primers were 5'-GGCATTGCCATTGTGTCAGTGC-3', which spans the S1 transmembrane helix of MK3, and 5'-GAAGCTGGAGGCTCCAGAAGGGG-3', which is the 3' 5' complement of the unique 3' end of the S1-S2 loop of MK3. A third primer (5'-CGCAGGACGTGTTTGAGGCT-GCC-3') was prepared from the middle ofthe S1-S2 loop (12) .
PCR Amplification of MK3 from EL4 RNA. Total RNA was isolated from the mouse T-cell line EL4 by the guanidinium isothiocyanate method (15) and was used to generate a random-primed cDNA product (20) . The 20-1lI reaction mixture contained 48 units of avian myeloblastosis virus (AMV) reverse transcriptase (United States Biochemical), 20 units of RNasin (Boehringer Mannheim), 100 pM random hexanucleotide mixture (Boehringer Mannheim), 1 Ag of total EL4 RNA, and 1 mM each dinucleoside triphosphate (GeneAmp Kit, Perkin-Elmer/Cetus). In parallel experiments, EL4 RNA was pretreated with boiled RNase A (3 tkg; Sigma) and RNase H (3 ,tg; Pharmacia) for 30 min; the reaction was stopped by the addition of 20 units of RNasin, and cDNA synthesis was initiated. The cDNA product was then amplified for 40 cycles (annealing temperature, 500C) with Thermus aquaticus (Taq) DNA polymerase (GeneAmp Kit, PerkinElmer/Cetus). The reaction mixture contained 50 pmol of each of the primers and 2 ul of the cDNA template. The amplified product (5-20 dul) was then electrophoresed in a 2.2% agarose gel in Tris acetate/EDTA buffer. Human genomic DNA prepared from the clonal HeLa cell line D98/AH.2 was subjected to PCR analyses under the same conditions. In separate experiments the EL4 cDNA product was amplified for 40 cycles with the primer prepared from the middle of the S1-S2 loop along with the downstream primer, at an annealing temperature of 65TC.
Chromosomal Localization. Since the nearby noncoding regions of MK1, MK2, and MK3 do not share any sequence similarity with each other (12), MK3-and MK2-specific probes were generated from the 5' noncoding regions ofthese genes, adjacent to the coding regions. A 0.9-kilobase HindIIIPst I fragment was prepared from the 5' noncoding region of MK2 (12) , and a 0.7-kilobase Pst I fragment from the 5' noncoding region of MK3 (12) . The 5' noncoding regions of these genes share nucleotide sequence similarity with the 5' noncoding regions of RBK2 and RCK3 cDNAs, rat homologues of MK2 and MK3, respectively (13, 21) , suggesting that these probes are included in the MK2 and MK3 transcripts (12) . These probes were labeled to a specific activity of 109 cpm/ixg by the random primer method (22) and then used for the chromosomal studies. Chromosomal assignments for MK2 and MK3 loci were determined by Southern blot analysis of a panel of 29 human-Chinese hamster cell hybrids, which were isolated using a variety of selectable markers (23, 24) . All hybrids were characterized cytogenetically by trypsin-Giemsa banding (G-banding) and G-11 staining to determine which human chromosomes were retained. The analyses were repeated at the time the cells were harvested for the preparation of DNA. In all cases, 20 metaphase chromosome spreads were examined. The human chromosome content of the hybrids is indicated in Table 2 Voltage Dependence of MK3. We were struck by the similarity of the oocyte patch currents to whole-cell K+ currents in human T lymphocytes (6, 9, 25) . For comparison of channel properties, identical solutions at mammalian ionic strength were employed in oocyte patches and in lymphocytes. Fig. 1 course of K+ currents in five oocyte patches was analyzed by use of a modified Hodgkin-Huxley kinetic model with activation (n4) and inactivation (h), as previously described for lymphocytes (25) ; no particular mechanism for gating is implied. Fig. 1 (Fig. 3) .
To test whether this fragment was derived from EL4 RNA or from possible contaminating genomic DNA, we pretreated EL4 RNA with DNase-free RNase A and H (to degrade RNA without affecting DNA) and then performed PCR. We were unable to amplify the 171-bp fragment from RNase-treated EL4 RNA in two separate experiments (data not shown), indicating that the fragment was derived from the RNA, rather than from any possible genomic DNA contaminant. As additional controls, cDNA from liver, atria, and ventricles and genomic DNA derived from HeLa cells were tNA from these RCK3, the rat cDNA homologue of MK3, hybridizes with I by PCR. We a 9.5-kilobase mRNA in the brain (13, 31) . In addition, the S1 and S2 RGK5, the rat genomic homologue of MK3, hybridizes with s region has a a similarly sized message in mouse thymus (27 (Fig. 3) . The of RCK3 and RGK5 (13, 27) ; reported variations in kinetic , kidney, cortex and pharmacological properties may reflect the differences in (32, 33) . Our results indicate that the biophysical properties of MK3 homomultimers in oocyte patches are indistinguishable from those of type n channels in lymphocytes, except that the oocyte patch currents run down more rapidly. -It is possible that additional channel subunits in lymphocytes may help to stabilize functional channels. MK1, MK2, and MK3 share about 70% coding-region sequence identity, although their nearby noncoding regions do not share any discernible sequence similarity (12) . All three genes have coding regions that are contained in single uninterrupted exons, and comprise a gene family that probably arose by gene duplication from a common ancestor (12) . Members of closely related gene families are often located together on a chromosome. To examine whether MK1-3 are organized in this fashion, we used MK2-and MK3-specific noncoding-region probes (12) to ascertain the chromosomal location of these two genes. Surprisingly, MK2 and MK3 are on separate chromosomes, MK2 on human chromosome 12 and MK3 on human chromosome 13. The three isoforms of the a subunit of the y-aminobutyrate type A receptor are similarly located on three different chromosomes (34) . Retroviruses and retrotransposons have been hypothesized to insert processed genes into the eukaryotic genome, giving rise to diverse chromosomal locations for closely related genes (35) . However, MK1-3 have introns within the 5' noncoding regions (12) and therefore are not processed. Thus, retroviral or retrotransposon insertion events are unlikely to account for the different chromosomal locations of MK2 and MK3.
Type n K+ channel expression varies during mouse T-cell development in parallel with the rate of cell division (1, 4) . Immature proliferating thymocytes display -200 type n K+ channels per cell (1), the number decreasing to about 10-20 per cell during differentiation into mature, quiescent T cells (1, 5) . Activation of mature T cells results in a 20-fold increase in K+ channel number, the increase being exclusively of type n (3). The molecular mechanisms responsible for these changes in type n K+ channel expression are not understood. Future characterization of the MK3 gene and its regulatory elements during T-cell development and activation may clarify these issues.
